CD8+ T cells together with natural killer (NK) cells are the main cytolytic leukocytes that are involved in recovery from infection by intracellular pathogens (1) (2) (3) and that in vitro and in vivo induce cell lysis as measured by 51Cr release and DNA fragmentation or apoptosis (4) . Three proteins, namely perforin and the two serine proteinases, granzyme A (gzm A) and granzyme B (gzm B), are exclusively associated with cytolytic lymphocytes (4) . Gene-targeted mice have been used to show that perforin and gzm B are directly involved in these processes (5) (6) (7) (8) (9) . A lack of perforin reduces lysis of target cells by NK and cytolytic T (Tc) cells (5, (7) (8) (9) . More importantly, perforin knock-out mice fail to clear lymphocytic choriomeningitis virus infection (5, 9) . On the other hand, lack of gzm B in cytolytic lymphocytes results in a profound defect in their ability to induce rapid DNA fragmentation and apoptosis (6) .
We have recently been able to show that lack of gzm A does not affect the cytolytic potential of either NK or Tc cells as measured by 51Cr release or nuclear DNA fragmentation (10) . These data not only emphasize the unique role of gzm B in NK/Tc cell-mediated cytotoxicity but also indicate that the biological activities of gzm A and gzm B are not redundant and interchangeable. In addition, we were unable to consistently observe an effect on virus elimination after infection of gzm A mutant mice with the noncytopathic arenavirus, lymphocytic choriomeningitis virus (10) . We thus turned to investigate the role of gzm A in recovery from the cytopathic orthopoxvirus, ectromelia. Classic studies have implicated CD8+ T cells and NK cells in recovery from poxvirus infection (1) (2) (3) , and detailed information on the etiology of mousepox exists (11) .
MATERIALS AND METHODS
Animals. The gzm A-deficient mouse mutant (gzm A-/-) was generated by homologous recombination, using BL/6-III ES cells, as described recently (10 (INV) , and the extracellular enveloped ectromelia virus (EEV) in tissue culture, as has been described previously (12, 13) . Viruses were purified and titrated on BS-C-1 monkey cell monolayers as has been described (14) . The (11) . Fig. 1 B and C shows the mean lysis of ectromelia-infected H-2-matched MC57 (Fig. 1B) and the NK cell-sensitive YAC-1 (Fig. 1C) (18) and other pox viruses (2) . However, the most telling observation was the mortality on day 8 (Table  1) . Two out of three of the gzm A-/-mice had died, and the third was moribund, whereas the gzm A+/+ mice did not show any noticeable signs of illness. This was confirmed in more comprehensive experiments (also see Table 3 ). This is the more intriguing since among inbred mouse strains C57BL/6 mice show high resistance to ectromelia (19) . Despite splenocytes of the moribund mouse were normal with regard to lytic activity on H-2-matched ectromelia-infected targets (Fig. 1B) . We next analyzed virus titers in spleen and liver, the main visceral target organs infected by ectromelia (11), 3 and 6 days p.i.via the footpad. Spleen titers were significantly higher in Proc. Natl. Acad. Sci. USA 93 (1996) 5785 gzm A-/-mice than in gzm A+/+ controls on both day 3 (P < 0.0001) and day 6 (P < 0.0177) ( Fig. 2A) and reached almost 108 pfu on day 6 in gzm A-/-mice, but only around 105 pfu in gzm A+/+ littermates. Liver titers were not significantly different on day 3 (Fig. 2B) . However, in separate experiments using a lower virus inoculum (5 x 105 pfu), significantly higher virus titers were observed in the liver of gzm A-/-mice than in those of their wild-type littermates 6-10 days p.i. (Table 2) .
The difference seen in virus titers in spleen and liver was also reflected by histopathology (Tables 1 and 3) . Spleens of gzm A-/-mice showed histological changes similar to those of genetically susceptible mice-i.e, DBA/1, A/J, and C3H (11): focal necrosis, particularly in the red pulp, and fragmentation of the lymphoid follicles were observed from day 3 postinfection on. The necrotic foci extended in size and numbers with time after infection (days 3-6), and spleen regeneration did not occur. As expected (11) was varied from 5 x 105 to 2 x 106 pfu and in which the observation time was extended to 10 days (Table 3) . Again, 2/9 and 3/9 gzm A-/-mice had died on day 6 (1 x 106 pfu, 2 x 106 pfu) and 10 p.i. (5 x 105 pfu, 2 x 106 pfu), respectively, whereas all gzm A+/+ mice survived the infection independent of the virus dose. The most prominent histological changes in spleen and liver tissues of gzm A-/-mice, as characterized by necrosis and cell infiltration, were seen on day 6 p.i. in all three experimental groups. At To further characterize ectromelia infection in gzm A-/-mice, levels of liver enzymes in serum were determined. This method has been shown previously to correlate with viral or immunopathological damage (16, 20) . Fig. 3A andB shows the levels of aspartate aminotransferase and alanine aminotransferase in serum from the animals tested above for cytolytic activity ( Fig. 1 B and C) and histopathology (Fig. 3) . As reported by others (16), we observed great variation between individual animals within a group, but liver enzyme levels on days 3 and 4 were far higher in gzm A-/-mice than in gzm A+/+ mice. Since both types of mice express similar cytolytic potential in their cytolytic effector cells after ectromelia virus infection (Fig. 1) , the pronounced hepatic destruction in gzm A-/-but not gzm A+/+ mice must be due to a higher infection rate of liver cells in the mutant strain, resulting in increased cytopathic and/or Tc cell-mediated lytic processes. It is also possible that other molecules and/or processes that are not present/operative in in vitro culture systems are involved synergistically with gzm A in the clearance of ectromelia virus. It is worth mentioning that it was shown that gzm A is also able to process interleukin 13 precursor molecules to yield the bioreactive cytokine (22) . The activation of plasmin from plasminogen and the generation of active interleukin 1 are thought to be involved in inflammatory processes (21, 22) and thus may contribute, directly or indirectly, to the clearance of ectromelia virus.
Furthermore, it is reasonable to imply that Tc/NK cells employ both, gzm A and gzm B, in addition to perforin (5) for optimal control of viral infections: gzm B to induce DNA fragmentation in infected target cells (4, 6) and gzm A to initiate an as yet unknown mechanism(s) (10) . However (1996) 5787 tease with similar specificity to gzm B. Together with these observations, the present study indicates that in the absence of gzm B activity due to viral-mediated inhibition, gzm A is critical for the elimination of ectromelia virus from the host.
